Study design Repeated measures.
Introduction
Individuals with spinal cord injury (SCI) are at heightened risk for developing pressure ulcers [1] , accelerates the rate of developing cardiovascular disease [2] , deep-vein thrombosis, and poor wound healing below the level of the spinal cord lesion. The increased incidence of these conditions is due to decreased physical activity, prolonged periods of immobility, muscle atrophy, changes in muscle fatty composition, and alterations to the structure and function in the peripheral vasculature. For example, previous studies have observed a 30% reduction in femoral artery diameter [3] and decreases in resting femoral artery blood flow [4] in this population. In addition, changes in vascular and muscle physiology can lead to impairments in blood flow, promote hemorrhage, and increase the rate of intravascular thrombosis and vasospasm [5] .
To counteract these detrimental effects, previous investigators have sought to examine the efficacy of utilizing passive leg movement (PLM) to invoke an increase in blood flow to the limb. In an able-bodied population, PLM elicits a ≈45 s transient hyperemic response in the femoral artery [6] . Both central and peripheral mechanisms are likely responsible for the hyperemia with PLM in able-bodied individuals including stimulation of cardiovascular control center by type III afferent feedback [7] , increased stroke volume due to skeletal muscle pump [8] , as well as nitric oxide [9] and mechanically induced vasodilation [10] . However, due to the nature of a complete SCI afferent feedback to the cardiorespiratory control center is absent, thus the hyperemic response to a bout of PLM would be attributed solely to peripheral factors in this population. Still some investigators [11] [12] [13] , but not all [14, 15] have reported a significant increase in blood flow to the paralyzed limbs with passive movement. Most recently, Venturelli and colleagues performed continuous blood flow monitoring during a 2 min bout of PLM (knee extension/flexion at 1 Hz) and reported a twofold transient increase in femoral artery blood flow despite the absence of a concomitant increase in heart rate.
As the hyperemic response appears to be short lived, lasting~45 s despite continued PLM, it likely does not provide a significant shear stress stimulus along the vessel walls to maintain or improve vascular and tissue health. However, Hellsten et al. [16] reported an increases in VEGF protein, endothelial cell proliferation, and eNOS mRNA following a continuous 90 min bout of PLM potentially due to the repeated mechanical stimulus of lengthening and shortening of the muscle itself. Therefore, if repeated bouts of PLM movement elicit repeated robust hyperemic responses, and subsequently shear stress stimulus, it is likely that the production of pro-angiogenic factors would be augmented and vascular health and tissue perfusion improved. To this end, the primary aim of this study was to evaluate the efficacy of five 1 min bouts of PLM, with 1 min recovery periods, to initiate a repeatable and robust hyperemia in the passively moved limb. We hypothesized that each 1 min bout of PLM would elicit near identical hyperemic responses.
Methods
Nine individuals with paraplegia participated in the preset study ( Table 1 ). All subjects had clinically confirmed complete lesions (American Spinal Injury Association Impairment Scale level A) between the 3rd and 11th thoracic spinal cord segment (T3-11). All procedures were approved by the Institutional Review Board at the Louis Stokes Cleveland Veterans Affairs Medical Center and written informed consent was obtained from all subjects prior to their participation. Subjects were free from known pulmonary, cardiovascular and metabolic disease, and had a minimal level of spasticity such that it would not interfere with the experimental protocol. Subjects were asked to maintain their current medication regimen but refrain from exercise for 24 h before reporting to the laboratory and to report in a fasted state (4 h) with no consumption of caffeine within the previous 8 h.
Experimental protocols
Subjects were assisted into a comfortable seated-upright chair associated with the Biodex system 4 Pro (Biodex Medical Systems, Shirley, NY, USA) and remained in this position for the duration of the study. The Biodex was calibrated to move the subject's right leg through an 80°r ange of motion (10°to 90°of knee joint flexion) at an angular velocity of 180°/s (~50 extension/flexions per min). The dynamometer was programmed to cycle at 1 min intervals (1 min on, 1 min off) for total of five bouts of PLM. For the duration of the protocol, the subject's contralateral leg remained stationary.
Central hemodynamics
Heart rate (HR) was determined with the use of a three lead electrocardiogram (ECG) streaming into a data-acquisition box (Lab Chart 8 Pro, AD Instruments, Denver, CO, USA). Mean arterial pressure (MAP) was determined with the use of a Nexfin (Nexfin, Bmeyecorp, Amsterdam, Netherlands). Before the start of data collection, the Nexfin was allowed adequate time for self-calibration (physical) and the finger cuff remained inflated for the entire duration of the protocol. Nexfin's heart reference system was also utilized to correct the hydrostatic pressure differences due to differences in height between the finger and the heart.
Femoral artery blood flow
Measurement of femoral artery vessel diameter and blood velocity were taken distal to the inguinal ligament and at least 3 cm proximal to the deep/superficial femoral bifurcation with the use of a Logic 7 ultrasound system (General Electric Medical Systems, Milwaukee, WI, USA). The ultrasound system was equipped with a M12L transducer operating at a frequency of 14 MHz (ultrasound) and 5 MHz (Doppler). Femoral diameter was measured at a 90°angle along the central axis of the vessel on several images during baseline. These baseline diameter measurements were used to calculate blood flow throughout the entire protocol. Velocity measurements were obtained with the transducer positioned to ensure an insonation angle of 60°or less, and maintained constant throughout baseline and all five bouts of PLM. Mean blood velocity and arterial diameter were then combined to calculate femoral artery blood flow (FABF) in milliliters per minute with the following equation: mean blood velocity × π(vessel diameter/2) 2 × 60. All scanning and analyses were performed by experienced and skilled sonographers.
Tissue oxygenation
Changes in tissue oxy-hemoglobin (Oxy), total hemoglobin (tHb), and normalized tissue hemoglobin index (nTHI) [17] , the percent change from initial hemoglobin concentration, were assessed with the use of a NIRS (near infrared spectroscopy) system (NIRO-200, Hamamatsu Phototonics, Hamamatsu, Japan) by placing electrodes on the anterior aspect of the rectus femoris muscle. The laser on the NIRS system penetrates~2 cm into the muscle tissue. Total hemoglobin was calculated from alterations in light absorption at each of the transmitter laser frequencies according to the Beer-Lambert law. Rather than utilizing an estimated optical pathlength, the NIRO-200 provided delta values relative to pathlength (ΔμM/cm). Prior to the start of baseline recordings the NIRs unit was 'zeroset' allowing us to simply report changes in Oxy, tHb, and nTHI from the initial baseline to the end of each bout of PLM.
Skin blood flow
Skin blood flow (SBF) was determined via a Laser Doppler and Perfusion Monitor (moorVMS-LDF2, Moor Instruments, Axminster, UK) with the VP1/7 probe placed on the anterior aspect of rectus femoris muscle over the middle of the muscle belly. Laser Doppler flowmetry is based on red blood cell flux and calculated as product of red blood cell concentration and velocity. This variable is expressed in arbitrary units (PU) and is indicative of superficial skin blood flow [18] .
Data analysis
The dependent variables assessed were FABF, SBF, HR, MAP, Oxy, tHb, and nTHI. Throughout the protocol all variables went through analog-to-digital conversion and were simultaneously acquired (20 Hz) by commercially available data-acquisition system and supporting software (powerlab 8/36 and Lab Chart Pro 8, AD Instruments, Denver, CO, USA). Owing to the different kinetics of each variable, the approach to the analysis was not the same for all variables. With regards to femoral blood flow and skin blood flow the data were averaged into a 1 min baseline value, 1 min averages for each of the 1 min bouts of PLM, and then 1 min recovery following the last bout of PLM. In addition, the peak FABF during each bout of PLM was determined. One-way repeated measures ANOVA was used to determine whether the main effect of PLM bout was significant. If a main effect of bout was present, paired samples t-tests were used to simply compare the baseline value to the individual values for each bout of PLM. To determine whether the increase in femoral blood flow was constant throughout each bout of PLM t-tests were utilized to compare blood flow during seconds 12-24 (after initial rise) and 48-60. With regards to Oxy, tHb, and nTHI, baseline and recovery values were compared to the values during the last 12 s of each bout of PLM. Post-hoc comparisons were adjusted using the Benjamini-Hochberg false discovery rate correction equation. An a priori power analysis indicated a sample size of eight subjects would be needed to obtain a statistical significance of p < 0.05 and power of β > 0.80. All data are presented as mean ± SD.
Results

Heart rate and mean arterial pressure
There were no statistical differences in HR or MAP from baseline to each bout of PLM. At baseline, HR was 82 ± 13 bpm while during the five bouts of PLM, the average heart rates were 81 ± 10, 81 ± 10, 82 ± 11, 80 ± 11, and 83 ± 7 bpm (p ≥ 0.8 
Femoral artery blood flow
Repeated measures ANOVA revealed a main effect of bout (p = 0.03) for the average femoral blood flow. At baseline, FABF was 120 ± 91 ml/min and the average during each subsequent 1 min bout of PLM was 189 ± 150 ml/min (85 ± 103%), 182 ± 147 ml/min (71 ± 87%), 188 ± 148 ml/min (79 ± 90%), 180 ± 132 ml/min (76 ± 87%), and 196 ± 142 ml/min (88 ± 93%), respectively ( Fig. 1a) . These values were all significantly greater than the baseline (p ≤ 0.04) and recovery (123 ± 90 ml/min; p ≤ 0.031) but were not significantly different from each other (p = 0.81). The effect size ranged from 0.25 to 0.30. T-tests revealed that the average blood flow during seconds 12-24 and 48-60 within each bout of PLM were not significantly different from each other (p ≥ 0.32 for all comparisons; Fig. 1b ).
Repeated measures ANOVA also indicated a significant main effect of bout for peak FABF (p < 0.001). FABF values for each bout of PLM was 253 ± 196 ml/min (174 ± 224%), 248 ± 204 ml/min (148 ± 175%), 257 ± 206 ml/min (172 ± 208%), 245 ± 178 ml/min (163 ± 190%), and 227 ± 168 ml/min (153 ± 207%), respectively, which were all significantly different from baseline (p ≤ 0.021) but not different from each other (p = 0.405). The effect size ranged from 0.37 to 0.40.
Oxy-hemoglobin, total hemoglobin, and normalized tissue hemoglobin index At baseline Oxy was −0.57 ± 3.49 ΔμM/cm and dropped to −2.79 ± 2.51 (p = 0.088), −3.76 ± 3.01 (p = 0.042), −3.51 ± 3.30 (p = 0.068) −3.15 ± 4.07 (p = 0.106), and −3.65 ± 4.37 (p = 0.080) during the last 12 s of each bout of PLM respectively ( Fig. 2a ). Thus, significant decreases in Oxy were observed only in one bout but strong trends were observed in the rest. The average Oxy over the last 12 s of each bout of PLM was significantly lower than the Oxy during the recovery period (−0.10 ΔμM/cm) for all bouts of PLM except the 4th (p = 0.054). Baseline tHb was 0.40 ± 4.46 ΔμM/cm and dropped to −2.70 ± 3.78 (p = 0.113), −4.45 ± 5.47 (p = 0.04), −4.00 ± 5.62 (p = 0.07), −3.57 ± 6.63 (0.108), and −4.08 ± 7.13 (0.086) at the end of each of the five bouts of PLM, respectively (Fig. 2b) . During recovery period tHb was 1.24 ± 2.09 that was significantly greater than tHb at the end of bout 2 and 3 (p ≤ 0.38) and had strong trends for bouts 1 (p = 0.053), 4 (p = 0.078), and 5 (p = 0.063). Finally, nTHI at baseline was 0.996 ± 0.046 a.u. and fell to 0.917 ± 0.069, 0.905 ± 0.098, 0.899 ± 0.095, 0.896 ± 0.100, and 0.897 ± 0.106 during the last 12 s during the five bouts of PLM (Fig. 2c ). The change from baseline to the end of PLM was significant for all five bouts (p ≤ 0.022). Furthermore, nTHI at the end of each bout of PLM was significantly reduced compared to the recovery (1.018 ± 0.036; p ≤ 0.011 for all comparisons).
Skin blood flow
Similar to femoral blood flow, repeated measures ANOVA indicated a significant effect of bout for average skin blood flow (p < 0.001). At baseline SBF was 18.3 ± 10.0 PU and the average during each subsequent 1 min bout of PLM was 83.4 ± 26.0, 85.9 ± 35.7, 94.9 ± 52.2, 101.5 ± 70.8, and 117 ± 87.4 PU, which were all significantly greater than baseline (p ≤ 0.005) but were not different from each other (p = 0.216) (Fig. 3a) . The effect size ranged from 0.62 to 0.85. Skin blood flow during the recovery period was 23.5 ± 30.1 PU, which was significantly less than average skin blood flow during each bout of PLM (p ≤ 0.015). 
Discussion
Previous investigators have reported a transient hyperemic response to PLM. However, the present study is the first to determine whether the hyperemic response can be repeated in those with complete spinal cord injuries when the bouts of PLM are interspaced with short recovery periods.
Specifically, we examined whether repeated bouts of PLM could result in consistent changes in FABF, SBF, and tissue perfusion of the passively moved limb. The present study not only indicates that despite no increase in HR or MAP, repeated 1 min bouts of PLM results in repeated robust increases in FABF, but also that when those with SCI are placed in an upright position the hyperemic response is constant rather than transient. This suggests that utilizing PLM could be used to stimulate greater hyperemic responses and ultimately vascular shear stress in the SCI population. This has implications for the use of passive movement as a rehabilitation modality to promote vascular health and angiogenesis.
Hyperemic responses
Several investigators have reported there is no increase in FABF during passive movements in the SCI population [14, 15] while others have reported passive movements do The numbers next to the symbols indicate which bout of PLM resulted in significant differences (p < 0.05). Note, see results as there were strong trends for many of the trials that did not achieve significance (p < 0.08) Fig. 3 Average skin blood flow across the five bouts of PLM (a) and line graphs illustrating the kinetics of skin blood flow within those bouts (b). *Denotes a significant increase (p < 0.05) from baseline and recovery. Data presented as mean ± SD. Line graphs illustrating the kinetics of skin blood flow for each bout of PLM increase blood flow or blood velocity [11] [12] [13] . Specifically, this hyperemic response was not observed by Svensson et al. [15] and Ter Woerds [14] as they measured blood flow upon completion of the passive movements rather than during the movements and likely missed the hyperemic response. The results of the current study agree with the studies performed by Ballaz and Venturelli. Specifically, Venturelli et al. [12, 13] reported peak blood flow responses to be nearly double baseline values during a sole bout of PLM. The results of the current study are similar with an average peak blood flow of 162% above baseline values observed across all five bouts of PLM. Interestingly, the hyperemic response between the able-bodied and SCI population are nearly identical after controlling for thigh volume and resting FABF, therefore it was postulated that those with SCI have heightened vascular sensitivity below the level of the lesion [12] . As this hypersensitivity is likely in response to the non-active paralyzed limb being subjected to unaccustomed movements [19] , it was unknown whether or not employing repeated bouts of PLM would diminish this sensitivity resulting in a decreased hyperemic response with each subsequent bout of PLM. The results of the present study are promising as the five bouts of PLM resulted in nearly identical hyperemic responses. A followup study is required to determine whether this response remains after chronic exposure to repeated bouts of PLM.
Surprisingly this investigation the hyperemic responses to all five bouts of PLM were not transient, rather blood flow remained elevated throughout the entire bout of PLM (Fig. 1 ). This is in stark contrast to previous reports on the able-bodied population [6, 20, 21] and those with spinal cord injuries [12, 13] . This discrepancy is likely due to the lack of sympathetic stimulation in the lower legs of our subjects and the upright body position utilized in this investigation. Specifically, Trinity et al. [21] reported a prolonged hyperemic response to PLM when subjects were in an upright position rather than a supine position due to the additional influence of gravity on lower limb blood flow. In addition, the lack of sympathetic control of the vessels in the lower limbs results in excessive blood pooling in the lower extremities especially while in the upright position. The onset of PLM likely results in mechanically induced [10] and nitric oxide stimulated [22, 23] vasodilation and also engages the skeletal muscle pump, albeit to a lower extent than active exercise facilitating venous return and ultimately blood throughput in the lower limb. Thus, with regards to utilizing PLM as a therapy modality to improve blood flow and tissue perfusion in the lower limbs of those with SCI, it appears that circumventing the transient hyperemic response is possible with a more aggressive upright posture rather than a supine position.
Previous reports indicate that at least in the able-bodied population 35% of the hyperemic response is from central factors and 65% is the result of peripheral mechanisms [23] . The robust hyperemic responses observed in this investigation are not facilitated by central factors as heart rate and mean arterial pressure did not to change with PLM. This is in agreement with previous studies that looked at heart rates responses during either passive cycling [11, 24] or PLM [12, 13] in those with spinal cord injuries and also reported no changes in HR. This absence of central responses in the SCI population, particularly in the AIS A subgroup, is likely due to the lack of afferent feedback from the limbs to the cardiovascular control center. This is supported by Trinity et al. [25] that reported significant decrease in HR response to PLM in able-bodied individuals following an intrathecal fentanyl injection that blocks the afferent feedback from the muscles of the lower limb.
The repeatable and prolonged hyperemic response could augment the promotion of a pro-angiogenic environment in the skeletal muscle by increasing the physiologic stimulators of angiogenesis leading to increased vessel growth and capillary density [26] . A recent investigation by Liu et al. [27] reported an engineered transcription factor that activates VEGF leads to an increased capillary density in spinal cord-injured rodent model. This supports that upregulation of the VEGF in human spinal-injured persons could illicit a similar response. An investigation by Hellsten and colleagues reported increases in VEGF protein at 30, 60, and 90 min after the start of a 90 min bout of continuous PLM. This increase was attributed to shear stress due to increased blood flow and mechanical stress due to the passive shortening and lengthening of the muscle [16] . Therefore, it is likely that the hyperemic response invoked by the PLM, similar to those performed in the current study, could promote a greater increase in VEGF leading to a more favorable pro-angiogenic environment in the passively moved limb.
Muscle tissue perfusion and skin blood flow
Unlike FABF, Oxy, tHb, and nTHI did not appear to reach a steady state within the 1 min bouts of PLM, rather they tended to decrease from baseline over time (Fig. 2) . Although the decrease in hemoglobin may seem to contradict the FABF response, this could again be explained by the lack of vascular control in the lower limbs in our subjects. Specifically, the inability to constrict the vessels in the lower limb through sympathetic activation [28] can result in significant pooling of venous blood in the lower limbs when in a seated or standing position in this population [28, 29] . The rhythmic lengthening and shortening of the hamstrings and quadriceps likely promoted venous return from the lower limbs via the skeletal muscle pump resulting in the tendency for Oxy, tHb, and ultimately nTHI to decrease within each bout of PLM. Ultimately venous return was augmented to a greater extent than femoral blood flow reducing hemoglobin concentration but increasing hemoglobin throughput in the muscle. It is likely that if these bouts of PLM continued for longer than 1 min tissue perfusion would have also reached a steady state. Similar to femoral blood flow, skin blood flow was elevated during each bout of PLM and returned to baseline values during the recovery period. Unlike femoral blood flow and tissue perfusion, skin blood flow did not appear to remain steady across each bout and was absent in the onset kinetics. This is likely due to the fact that the skin is not influenced by the skeletal muscle pump.
Implications
In addition to the benefits to vascular health previously mentioned, the increase in skin blood flow and tissue perfusion could provide other health benefits. Specifically, deep-vein thrombosis (DVT) which is three times higher in the SCI population compared to the able-bodied population [30] is partially due to stasis of blood flow and endothelial injury [31] . Periodic PLM could reduce blood stasis and improve endothelial function. In addition, PLM could prove beneficial at reducing pressure ulcers and improving skin wound healing in the SCI population. Specifically, an investigation by Sonenblum et al. [32] looked at the effectiveness of pressure relief maneuvers to increase skin blood flow of the buttocks reported comparable increases in SBF to the current investigation. Coggrave and Rose [33] reported the mean duration of a pressure lift needed to achieve pressure relief to allow for adequate SBF and tissue oxygenation above the ischial tuberosity was 1 min and 51 s. Holding pressure lifts for this long of duration could be extremely difficult for persons with paraplegia as they may not possess the upper body strength or motivation required. The prolonged increase in skin and muscle perfusion observed with PLM may help reduce the risk of pressure ulcers. However, the present study measured SBF and tissue oxygenation on the thigh while pressure ulcers most commonly form in areas that are exposed to constant pressure and bony prominences such as the ischial and sacral regions. Thus, although these results may not directly translate to pressure ulcer reduction around the ischial tuberosity, this study does provide motivation for future investigations to evaluate changes in SBF around the ischial tuberosities. Such studies should also include movement across the hip joint.
The decreased physical activity and absence of autonomic regulation following a SCI is a major contributor to cardiovascular disease and subsequent death [34, 35] . Although it is well established that increased physical activity improves central cardiovascular health, it is less clear which exercise modalities improve peripheral vascular function in the paralyzed limbs in this population. Previous report indicated that PLM results in a transient hyperemic response. However, the data gathered in this investigation indicate that the hyperemic response is constant in the SCI population when performed in a more upright posture and support the use of PLM to initiate hyperemic responses in the peripheral vasculature which can facilitate improvement [16] or at least maintenance of peripheral vascular function. Owing to the passive nature of this modality, benefits typically associated with increased muscle metabolic rate of voluntary exercise, such as improved lipid and glucose metabolism, will likely be absent. Other proposed therapeutic modalities for this population include FES stimulation and upper body exercise. Although FES stimulation might be the optimal strategy as it is associated with increased metabolic rate of the paralyzed muscle, not all individuals respond to FES and it is often cost prohibitive or unavailable to the majority of individuals with SCI. Upper body exercise can also lead to improvements in central cardiovascular health. However, reports on the influence of upper body exercise on lower limb blood flow are mixed [4, 29, 36] likely due to the range of autonomic dysregulation in this population. In addition to the mixed results from FES and upper body exercise investigations, the use of both of these modalities are limited to the availability of equipment, which can be costly and difficult to use. A potential benefit to PLM is that no equipment is needed and could be performed on an hourly or daily basis by a care-giver or a therapist and passive nature of the modality may be safer as it has limited chances of evoking autonomic dysreflexia. As previously stated, future studies need to focus on tissue changes in tissue perfusion where PU often occur, and include PLM across the hip joint to include those hip extension muscles that are often impacted by pressure ulcers. Furthermore, this study is only individuals with SCI between T3 and T12. The inclusion of higher level injuries that result in flaccid paralysis also needs to be investigated. Currently we assume that they would have similar hyperemic responses but to a reduced magnitude due to a reduced muscle mass [12] .
Conclusion
Previous studies have observed that the hyperemic response to PLM is transient in nature lasting <45 s in the SCI population. Thus, the aim of this investigation was to determine whether this transient hyperemic response is repeatable when bouts of PLM are interspersed with 1 min recovery periods. Not only are we the first to report that the response is repeatable, but also the hyperemic response appears to be more constant in this population when individuals are in a more aggressive supine position. This further supports the use of PLM to improve vascular health and tissue perfusion. The bouts of PLM also generated robust increases in SBF and reduced blood pooling, which could aid in lessening the impact of pressure ulcers and DVTs. Additional studies should be performed to determine the optimum PLM duration and rest period and measure markers of vascular health following chronic PLM.
